Prior analysis of minigenomes of minute virus of mice carried out by our laboratory indicated that sequences within the region of nucleotides 4489 to 4695, inboard of the 5 palindrome, are required for efficient DNA replication of the virus and are the site of specific interactions with unidentified factors present in a host cell nuclear extract (P. Tam and C. R. Astell, Virology 193:812-824, 1993; P. Tam and C. R. Astell, J. Virology 68:2840-2848, 1994). In order to examine this region in finer detail, a comprehensive library of linker-scanning mutants spanning the region was tested for the ability to support replication of minigenome constructs and for the ability to interact with host cell factors. Three short discrete sequence elements critical for replication competence were observed. Binding of host cell nuclear factors was localized to four sites, with two major complexes each appearing to have two binding sites within the region. All factor binding sites were found to be directly adjacent to or overlapping with sequence elements contributing to replication competence, and evidence suggesting a correlation between factor binding and minigenome replication is presented. A possible model is proposed for function of a viral origin within the region of the internal replication sequence which addresses the still-unresolved problem of how parvoviruses overcome the thermodynamic energy barrier involved in the rearrangement of the 5-terminal palindrome from an extended form to a hairpin conformation.
Minute virus of mice (MVM) is a member of the parvovirus family of nondefective parvoviruses. It has a single-stranded negative-sense DNA genome of 5,149 nucleotides (nt), with unique palindromic sequences at either terminus which can fold to form the characteristic hairpin telomeres common to this virus family. Current models for parvoviral DNA replication (1, 2, 5, 7, 22) postulate that these hairpin termini serve as essential primers for DNA synthesis, with the stably basepaired 3Ј end being elongated to convert the incoming genome to a double-stranded monomer replicative form (mRF). The 5Ј terminus, now in an extended double-stranded form, is presumed to undergo a rearrangement to form two hairpin structures, thereby affording a primer for extension back along the newly synthesized strand and displacement of the 3Ј hairpin structure to generate a dimeric double-stranded replicative form (dRF). The dimer bridge can be resolved asymmetrically (14) (through a process which requires the viral NS-1 protein; the precise mechanism is as yet unknown) to generate progeny mRF molecules, or a further round of terminal rearrangement can occur, followed by extension to lead to higher-order concatemers ( Fig. 1) .
Sequences inboard of the 5Ј palindrome have been shown to contribute to viral minigenome replication competence; gross deletions within this region (the internal replication sequence [IRS] ) reduce or abolish the replication of MVM minigenomes (19) . Gel retardation and footprinting analyses of sequences in this region with an LA9 cell nuclear extract indicate that unknown host cell nuclear factors bind specifically within the IRS (20) . In this report, we extend these observations by identifying three short discrete sequence elements which contribute to the replication competence of MVM minigenomes. Additionally, we present data to identify where the binding sites for host cell factors occur within the IRS and, finally, data to suggest a relationship between binding of these factors and viral replication efficiency.
MATERIALS AND METHODS
Oligonucleotides. The synthetic oligonucleotides employed in this study are presented in Table 1 . All oligonucleotides were prepared on an ABI 371 or 374 DNA synthesizer.
Plasmid constructs. Details of the construction of pCA4.0, pPTLR, and pCMVNS-1 have been published previously (19) . For conciseness, for some of the following clones only the outline of the construction is presented; complete details of all construction schemes are available on request. Construct pJB2.0 was made by cloning a PCR product corresponding to viral nt 4484 through 4777 between EcoRI and BamHI tags (obtained by using primers MVMA5 and MVMB3 on a pCA4.0 template) between the EcoRI and BamHI sites of pUC19. Oligonucleotide MVMA5 simultaneously introduced a single T3C silent nucleotide substitution at viral nt 4486 to introduce a unique BstEII site. The minigenome used in these studies, pJBLR4.3, was constructed from pPTLR by digestion, filling in, and religation of the BamHI linkers flanking the viral minigenome to convert them to ClaI sites; introduction of a single T3C silent nucleotide substitution at viral nt 4486 to introduce a unique BstEII site in the minigenome; and substitution of the viral sequence TAGGTTAAT at nt 4780 with CCCTAGGC, thereby introducing a unique BamHI site. No significant change in replication levels of this construct relative to that of the original minigenome was noted (data not shown).
Construction of a linker-scanner library. Digestion of pJB2.0 with either EcoRI or BamHI followed by limited digestion with Bal 31 nuclease and religation in the presence of excess synthetic double-stranded BglII linker (pCAG ATCTG) created pools of clones with partial deletions of the cloned viral sequences, known as ⌬Eco or ⌬Bam clones, respectively. Clones were sequenced (Sequenase 2.0; U.S. Biochemicals) to determine deletion endpoints, and ⌬Eco and ⌬Bam clones which matched to recreate the original cloned viral sequence with a central gap of 8 nt filled by the BglII linker were joined together at the linker. Clones which were found to together reconstitute the original cloned viral sequence with a gap of exactly 12 bp were digested with BglII, the recessed 3Ј end was filled in by using Klenow fragment in the presence of all four deoxynucleoside triphosphates, and the clones were ligated together to recreate the original viral sequence with an internal 12 bases replaced with a ClaI linker (CAGATC GATCTG). Clones produced in either fashion are referred to as pJB2.0Sx, where x is a number specific to the particular linker-scanning mutation.
In some cases where a matching set of ⌬Eco and ⌬Bam clones could not be found, PCR was used to create a suitable match to an existing deletion; specif-ically, clones S20, S21, S22, and S23 were created this way, with the matching clones made by PCR between primer pairs S20E-MVMB3, S21B-MVMA5, S22B-MVMA5, and S23B-MVMA5, respectively, with pJB2.0 used as a template. These products were cloned into pUC19 vector linearized with SmaI and then subjected to digestion with BglII (followed by filling in with Klenow fragment for S23) and either EcoRI (S21, S22, and S23) or BamHI (S20) and used as were the native ⌬Eco and ⌬Bam clones.
Clones S25 and S26 were made totally by PCR. Mutant S25 was made by PCR using oligonucleotides S25-2 (phosphorylated with T4 polynucleotide kinase) and MVMA5 on a pJB2.0 template; the product was ligated to the small SspI fragment of pJB2.0, and the resulting mixture of products was used as a template for PCR with primers MVMA5 and MVMB3. The resulting product was digested with EcoRI and BamHI and cloned into pJBLR4.3 vector digested with the same enzymes, directly yielding pJBLR4.3S25. Mutant S26 was constructed by PCR using primer pairs S26C-MVMA5 and S26D-MVMB3 on a pJB2.0 template. The products were isolated and ligated together, and the ligation product was used as a template for a PCR with primers MVMA5 and MVMB3. The resulting product was digested with EcoRI and BamHI and cloned into pJBLR4.3 vector digested with the same enzymes, to yield pJBLR4.3S26.
Dual mutant S8/22 was made by using pBLR4.3S8 as a template for PCR with primers MVMA5 and S822C and using pJBLR4.3S22 as a template for PCR with primers S822D and MVMB3 and ligating the two products. The ligation product was used as a template for PCR with MVMA5 and MVMB3, and the resulting product was digested with BamHI and BstEII prior to being cloned into pJBLR4.3 vector digested with the same enzymes. Scanner mutant clones in the context of pJB2.0 were introduced into the minigenome by replacing the equivalent BstEII-to-BamHI fragment of pJBLR4.3 with that of pJB2.0Sx to yield pJBLR4.3Sx. All clones were sequenced to ensure their integrity. Point mutants. T1C, C2A, T3G, T4A, A6C, and T8G mutants were made by PCR with the respective oligonucleotides and MVMA5 on a pJB2.0 template. Gel-isolated products were ligated to isolated PCR product obtained with primers S1P and MVMB3 on a pJB2.0 template. The resulting ligation products were used as templates for PCR with primers MVMA5 and MVMB3, and the products were gel isolated, digested with BstEII and BamHI, and cloned into pJBLR4.3 digested with the same enzymes to yield the respective minigenomes containing single point mutations.
Cell lines and virus. COS-7 cells (8) were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 10 mM HEPES (pH 7.3), and 20 g of gentamicin per ml. A9 oub r L (LA9) cells (13) 1) is extended from the base-paired 3Ј terminus (step 2), displacing and extending the 5Ј hairpin structure (mRF) (step 3). The extended hairpin termini undergo rearrangement to self-associate (step 4), affording a primer for further extension to a dimer-length molecule (dRF) (step 5). This may then undergo further rounds of terminal rearrangement as in step 4 and extension to higher-order concatemers, or asymmetric resolution by site-specific nicking by NS-1 (shaded arrows) and ligation to generate the forms in steps 6a and 6b. The step 6a form is identical to the form in step 3 and may be used to continue the cycle, while the step 6b form serves as a template to generate viral progeny by site-specific nicking by NS-1 (shaded arrow) and hairpin transfer (step 7). Encapsidation of the upper progeny strand (step 8) as a mature genome (step 1) allows the lower strand to regenerate (step 6b), thereby continuing the cycle. 3), and 20 g of gentamicin per ml. Culture medium was purchased from GIBCO. Replication assay. Sets of 10-cm-diameter dishes of confluent COS-7 monolayers were rinsed in phosphate-buffered saline, trypsinized, and resuspended in a pooled volume of complete medium. Four-milliliter aliquots were seeded onto 60-mm-diameter tissue culture dishes (at an overall dilution of 1/5) and allowed to grow for 24 h prior to transfection. Cells were transfected by a standard DEAE-dextran protocol, using 2 g of each plasmid; minigenomic clones were linearized by digestion with EcoRI prior to transfection. Complete medium was then added to the cells, and they were allowed to grow for 48 h. Low-molecularweight DNAs were recovered by Hirt extraction (4, 10) and used for analysis by slot blotting and hybridization.
DNAs transfected in each assay consisted of linearized pJBLR4.3 alone (two samples), linearized pJBLR4.3 with pCMVNS-1 (two samples), and each of the linearized mutants being assayed with pCMVNS-1. Replication was quantitated by slot blotting 5 l of Hirt extract from each sample along with a standard range (concentration determined by spectrophotometry) of both linearized pJBLR4.3 and pCMVNS-1 (the latter was included as a control for nonspecific hybridization). The blots were prehybridized in 6ϫ SSPE (1ϫ SSPE is 0.18 M NaCl, 10 mM NaH 2 PO 4 , and 1 mM EDTA [pH 7.7])-1% sodium dodecyl sulfate (SDS)-5ϫ Denhardt's reagent-10 g of fragmented, denatured salmon sperm DNA per ml at 42°C for 4 h and then hybridized in 6ϫ SSPE-1% SDS with 5 ng of 32 P-5Ј-end-labeled Vecpro oligonucleotide at 39°C for 10 to 15 h. The blots were washed twice at room temperature in 6ϫ SSPE-1% SDS for 3 to 5 min and once in 2ϫ SSPE at 39°C for 3 min prior to visualization with a phosphorimager (Molecular Dynamics PhosphorImager SI; IP Lab Gel Version H [Signal Analytics] was used in image analysis). Results of this exposure provide data on input DNA present in each sample, as Vecpro hybridizes uniquely to the vector backbone. The blots were then stripped (washed in 6ϫ SSPE-50% formamide at 65°C for 30 min and then in 2ϫ SSPE at 65°C for 30 min) and again visualized to verify removal of the probe. Prehybridization, hybridization, washing, and exposure were then carried out exactly as before, but with 5Ј-end-labeled oligonucleotide probe JAVA, which allows for determination of the amount of viral sequence present in each sample by hybridizing uniquely to sequences present in the minigenome.
Replication data were analyzed by preparing a standard curve from the amount of signal obtained from the range of linearized pJBLR4.3 standard applied to each blot and using this standard curve to determine the quantity of DNA present in each of the samples corresponding to each of the transfections. Replication efficiency (RE) was calculated as RE ϭ (viral sequence Ϫ input DNA)/input DNA. Samples consisting of viral minigenome alone were taken as having no replication, and a scaled replication efficiency (SRE) was calculated for each sample (n) as SRE(n) ϭ RE(n) Ϫ RE(pJBLR4.3). Samples consisting of wild-type viral minigenome and pCMVNS-1 were taken as having 100% replication, and a scaled relative replication efficiency (SRRE) was calculated for each sample (n) as SRRE(n) ϭ SRE(n) / SRE(pJBLR4.3 ϩ pCMVNS-1). Individual data sets thus normalized for 0 and 100% replication were pooled for statistical analysis.
Competitive band shift assays. Gel retardation assays were carried out with gel-purified PCR products or restriction fragments prepared from the wild-type or scanner mutant template or clone. Scanner mutants S4, S5, S20, S2, and S7 were analyzed with the BstEII-SspI restriction fragment (viral nt 4484 to 4626; BS fragment); mutants S8, S14, S3, S23, S22, S1, and S15 were analyzed with a PCR product obtained with primers S20E and S21B (viral nt 4524 to 4668, flanked on either side by CAGATCTG; 2021 fragment); and mutants S16, S17, S21, S12, S13, and S18 were analyzed with a PCR product obtained with primers S1P and MVMB3 (viral nt 4610 to 4781; SB fragment). All purified fragments were quantitated by binding of Hoechst 33258 dye and fluorometry on a Hoeffer TKO-100 fluorometer. Assays were performed by incubating 1 ng of end-labeled wild-type fragment in 50 mM NaCl-10 mM Tris-1 mM dithiothreitol-5% glycerol (pH 7.1) containing approximately 3.75 g of LA9 nuclear extract (20) for 30 min. Competition by a given mutant was assayed by including 40 ng of unlabeled mutant-derived fragment in the binding reaction mixture and allowing it a 10-min preincubation with the nuclear extract before addition of the labeled wild-type probe. The reaction products were analyzed on 4% polyacrylamide-1% glycerol vertical gels run at 15 V/cm in 0.5ϫ Tris-borate-EDTA-1% glycerol buffer at 4°C. The gels were dried and visualized by phosphorimaging.
RESULTS
Three distinct short sequence elements within the IRS contribute to the replication competence of minigenomes. Previous studies of the IRS had used gross deletions to map the locations of two elements (element A, between nt 4489 and 4636, and element B, between nt 4637 and 4695) which contribute to replication of viral minigenomes. In order to examine the IRS in greater detail for the specific sequence elements contributing to replication competence, a series of linker-scanning mutations (S1 through S26 [ Fig. 2] ) were engineered into a minigenome construct (pJBLR4.3). The minigenome constructs were assayed for replication competence (Fig. 3) in three independent trials. The results of these assays are shown in Table 2 and displayed graphically in Fig. 4 . Three regions (those replaced by scanner mutations S2 and S7, mutation S23, FIG. 2 . Twenty-six linker-scanning and point mutations presented in order of sequence position. For each clone, the associated wild-type sequence is presented with the nucleotide positions relative to full-length MVM of the first and last nucleotide shown in parentheses (top line). The same sequence region from the mutant is then presented in alignment, with the mutation indicated in uppercase type (bottom line). Three mutations (*) do not maintain exact spacing; placeholders in the sequence to maintain wild-type spacing are indicated (dashes). The gap indicated in the wild-type sequence associated with mutation S2 indicates that this inserts a single nucleotide relative to the wild-type sequence.
VOL. 71, 1997 THREE MVM IRS ELEMENTS ACT IN MINIGENOME REPLICATIONand mutation S1) which when replaced with linker sequences resulted in a statistically significant reduction in replication competence relative to that of the wild-type minigenome at the 95% confidence level were found. Mutations S2, S23, and S1 all reduce minigenome replication efficiencies to below 25% of the wild-type level, while S7 reduces replication efficiency to less than 40% of wild-type levels. That the sum of these replication defects is greater than 100% suggests some degree of interdependence of the function(s) of these sequence elements. Host cell factor binding sites are adjacent to sequences important in conferring replication competence. In order to assess the effect of the linker-scanning mutations on the binding of factors present in an LA9 nuclear extract, a series of electrophoretic mobility shift (band shift) assays were performed. Since the entire IRS was found to be too large to be conveniently examined with a single probe, the region was divided into three overlapping DNA fragments of approximately equal lengths: BS fragment (143 bp), 2021 fragment (145 bp), and SB fragment (172 bp) (Fig. 5) . Each linkerscanning mutation was analyzed in the context of only one of these probes so that none of the mutations were tested near the ends of the probe fragment (see Materials and Methods). Competition gel retardation assays carried out as outlined in Materials and Methods revealed the presence of two distinct complexes (A and B) formed by factors present in the nuclear extract. A third shifted species (nonspecific [ns]) was observed with all three probes only when competitor fragment was present. No difference between the abilities of specific and nonspecific competitors to titrate the formation of this species was observed across a range of concentrations up to 400-fold excess, indicating that this species is due to a nonspecific interaction (data not shown).
None of the mutations examined with either the BS or the SB probe resulted in a loss of competition activity (Fig. 6A and  C) . For mutations examined with the 2021 probe, both complexes were effectively competed for by a 40-fold excess of several competitors. However, competitor 2021-S8 failed to compete for the binding of complex 2021-B; competitors 2021-S22 and 2021-S26 lost the ability to compete for the binding of complex 2021-A, with the S22 mutation having the least competition activity; and adjacent-mutation competitors 2021-S1 and 2021-S25 had a reduced ability to compete for binding of complex 2021-B (Fig. 6B) . It is of note that in each case there appears to be a weaker loss of competition for the other of the two complexes as well; the implications of this observation will be considered below (see Discussion).
The results of these studies with mutant competitors suggest that there are four binding sites for factors present in a host cell nuclear extract, a major and minor one each for the complexes forming 2021-B (major site under S8, minor site under S1 and S25) and 2021-A (major site under S22, minor site under S26). The appearance of a number of other weak shifted species at approximately the same mobility as the two major species, all of which appear to be due to specific interactions, suggests that each of the major complexes may consist of a number of subunits whose presence or absence in a small proportion of the complexes gives rise to heterogeneity in the samples. In all cases, the observed binding sites for host factors are directly adjacent to (or, in the case of mutation S1, coincident with) sequences contributing to replication competence, suggesting a probable correlation between these functions. Simultaneous deletion of host factor binding sites suppresses replication competence. To try to address whether the coincidence of sequences important in minigenome replication (S2 and S7, S23, and S1) with those binding host cell factors (especially S8 and S22) is biologically relevant, a dual-site scanner mutant in which the major binding sites for complexes 2021-A (under scanner mutation S22) and 2021-B (under scanner mutation S8) were simultaneously replaced was constructed. Replication assays carried out with this construct are summarized in Table 3 . While neither individual mutation had an apparent effect on replication competence (Table 2) , the dual mutant replicates at only 20% of wild-type levels ( Table  3 ), suggesting that bound factors do play a direct role in replication.
Effects of point mutations within the region defined by scanner mutation S1. As scanner mutation S1 was shown to have an effect on minigenome replication competence in addition to being the site of binding of a host cell factor, it was desirable to attempt to identify which nucleotides within this 8-bp segment contribute to these properties. To examine this, singlenucleotide point mutations were made at each of the six bases altered in the scanner mutant, converting the wild-type base to that present in the scanner mutant individually. These mutants were then assayed both for replication competence in a minigenome-based assay (summarized in Table 3 ) and for the ability to interact with host cell nuclear factors by band shift assay (Fig. 7) . While two of the point mutants (A6C and T8G) appear to lose some ability to inhibit the formation of both the A and the B complexes, none of the point mutants display a detectable replication defect.
DISCUSSION
Existing genetic evidence indicates that the MVM genome has origins of DNA replication at either terminus, with that at the right genomic end containing the stronger signals. Previously published data indicate that functional elements of this origin include sequences between viral nt 4489 and 4695, the IRS (19) . Data presented in this study identify three specific short sequence elements which contribute to the activity of this IRS. When these elements are replaced with unrelated DNA sequences, a dramatic loss of minigenomic replication efficiency is observed. Together, these elements appear to form a multipartite origin of DNA replication reminiscent of that found in other viral systems (human papillomavirus type 11, simian virus 40) (18, 21) and simple eukaryotic origins (ARS1 of Saccharomyces cerevisiae) (16) in which several short discrete sequence elements contribute to replication initiation. In the case of ARS1, an essential element (acs) is flanked by accessory elements (B1, B2, and B3) which cooperatively contribute to origin function so that at least two of the three B elements are required for efficient initiation (16) . Similarly, the data presented here suggest that there is a functional interdependence of the elements found in the IRS by the fact that the observed replication deficits are not additive; if they were additive in function, then the sum of the observed deficits could not be greater than the total replication efficiency of the righthand origin.
The exact magnitude of the replication efficiency of the right-hand as opposed to the left-hand origin is not known; however, data presented here allow an upper limit to be placed on the relative strength of the left-hand origin at approximately 20% that of the right-hand origin. (This conclusion assumes that if any of the linker-scanning mutations examined in this assay completely abolished activity of the right-hand origin, the residual replication activity of the minigenome must arise from the left-hand origin.) All of the replication-defective mutations (with the exception of S7, which may very well only touch on the edge of a replication element) reduce minigenome replication efficiency to approximately the same level (20%), suggesting the possibility that each of these mutations (S2, S23, S1, and the S8/S22 dual mutation) completely abrogates the function of the right-hand origin. If this is the case, the simultaneous requirement of all of these discrete sequence elements for origin function would indicate that there is a functional interaction between the elements. While the S1 mutation was able to reduce minigenome replication efficiency to 23% of wild-type levels, individual replacement of each of the 6 nt varied from the wild-type sequence in this mutation did not result in any detectable replication defect (Table 3 ). This observation suggests that no single nucleotide within this element is particularly responsible for the replication activity associated with the element. The small but definite replication hypercompetence exhibited by two of these point mutations (C2A and T8G) is puzzling, as is the weak hypercompetence observed with several of the scanner mutations (e.g., S3 [Fig. 4] ). While no wholly satisfactory explanation for these observations can be put forward at this time, it is interesting that similar observations have been made in studies of other viral origins (18) .
Earlier studies conducted with two RsaI restriction fragments on the interaction of host cell nuclear factors with sequences from the region of the IRS indicated the formation of several specific complexes in this region (20) . Data presented in this study extend these observations by indicating that there are two distinct complexes formed within the IRS: a larger complex (2021-B) which binds under the sequence element defined by the S8 scanner mutation and more weakly to sequences under the S22, S1, and S25 mutations, and a smaller complex (2021-A) which binds to sequences replaced in the S22 mutation and less strongly to sequences replaced by the S26 mutation. The appearance of a number of faint, smaller shifted forms in the presence of competitors S8, S26, and S15 is most likely due to partial formation of the disrupted species.
In each case where a mutation-containing band shift competitor fragment disrupts one of these binding sites and allows retention of the complex by the labeled wild-type probe, a weak retention of the other complex is observed. This suggests that binding of the complexes responsible for these two distinct shifted species is cooperative, a hypothesis which is supported by other observations from both this study and previous studies.
An alternative interpretation of the data would be that species A and B represent different levels of assembly of a single complex, and the observed binding sites correspond to sequences bound by different subunits of the complex. While the data available at present cannot rule this model out, the ability of some mutations (i.e., S22) to preferentially interfere with the formation of the smaller species (which in this model would correspond to the partially formed complex) suggests that this model is less likely than that proposed above.
One line of evidence for cooperativity of interaction comes from a previous report that the IRS bound several distinct complexes as analyzed by gel retardation assay and that some of these complexes were the same on the RsaI A and B probes as evidenced by cross-competition (20) . The apparent discrepancy between these findings and the data presented here is clearly explained if one assumes that the binding of the 2021-A and 2021-B complexes is cooperative; as the boundary between the RsaI fragments lies at viral nt 4579, the major binding site for complex 2021-B is on one fragment while the binding sites for complex 2021-A are on the other (Fig. 5) . Studies with the RsaI fragments individually would then be expected to detect some shared complexes through protein-protein interactions. The lack of the major site for the binding of the other complex on each probe could readily be expected to result in a reduction of complex stability and its potential partial dissociation into constituent subunits, resulting in a number of smaller shifted forms.
Another line of evidence for cooperative interaction comes from consideration of the dual-site mutation and is discussed below.
In each case, the factor binding sites observed are adjacent to (or, in the case of sequences replaced in the S1 mutant, overlying) sequence elements required for efficient minigenome replication. This suggests a possible functional relationship between factor binding and viral origin function, which is strongly supported by the results obtained with the S8/22 dual mutation. Neither of these mutations individually resulted in an apparent loss of minigenome replication competence; however, the dual mutation reduces minigenome replication to the same basal level observed with the S2 and S1 mutations. The simplest interpretation of these observations would be that the factors responsible for formation of the 2021-A and 2021-B complexes are required for activity of the origin within the IRS. The already postulated cooperative interaction between the elements of these two complexes could account for the lack of a replication deficit in either of the individual mutations; binding of either complex and subsequent localization of the second complex through protein-protein interaction may be sufficient to activate replication to wild-type levels observed in the minigenome assay employed.
The identities of the constituents of these complexes cannot be stated at present. Evidence from other origins suggests that transcription factors, helicases, and single-stranded binding proteins are all potential candidates, and sequence analysis has indicated that the observed 2021-A binding site (under mutation S22) is similar to a binding site for a poorly characterized transcription factor found in mouse (9) . Genetic approaches to identify members of these complexes which are under way should help to clarify our understanding of the apparently complex interactions taking place at this origin of replication.
When the model for viral replication as outlined in Fig. 1 is considered, an obvious question arises regarding what the function of sequences within the IRS is. A possible answer is forthcoming when the 5Ј-terminal rearrangement from an ex-tended linear duplex to a dual-hairpin form is examined (Fig.  1, step 4) . Given that the 5Ј palindrome is 206 nt long, the spontaneous interconversion between these forms faces a prohibitively high thermodynamic barrier under physiological conditions (15) and argues for an enzymatic path if the virus is to replicate within a reasonable time frame. A model for replication of the closely related H1 parvovirus proposed by Rhode and Klaassen (17) is of interest, as it postulates a canonical bidirectional eukaryotic origin in the region of the IRS which becomes active in the context of the mRF form. The leading strand originating from this origin along the upper template strand results in the stepwise displacement of the lower strand by the advancing replication machinery in an ATP-driven energetically favored process. Full displacement of the lower strand allows it to spontaneously assume a hairpin conformation in which a free 3Ј hydroxyl is able to act as a primer for extension synthesis back along the mRF template to dRF form, as in Fig. 1 . Careful consideration of this model, however, reveals (Fig. 8b) that as postulated by Rhode and Klaassen, with both leading and lagging strands originating from the IRS, nascent Okazaki fragments will result along the lower strand, with disastrous consequences for the virus: these Okazaki fragments will stop the palindrome from annealing back along its full length and effectively block replication of the extreme 3Ј end of the mRF form, a fatal result from the point of viral replication.
If instead a leading-strand-only origin in the region of the IRS is postulated (Fig. 8a) , an energetically favorable pathway for the terminal rearrangement required by all current models for parvovirus replication is afforded, while simultaneously the trap inherent in the Rhodes and Klaassen model is avoided (Fig. 8a) . The idea of an exclusively leading-strand origin brings to mind mitochondrial DNA replication, which proceeds in a polymerase gamma (Pol ␥)-dependent leadingstrand-only fashion. Studies by Kollek et al. (11, 12) employing polymerase inhibitors in the course of native H1 infections led to an identification of an early Pol ␣-primase-dependent step (initiation) followed by a longer Pol ␥-dependent process.
Two recent reports in the literature have bearing on this model. Cossons et al. (6) observed rearrangement of the 5Ј extended palindrome of MVM from a linear extended form to a hairpin-containing structure in vitro and concluded on the basis of selective sensitivity of this process to polymerase inhibitors that Pol ␦ was required for the rearrangement. Of particular interest is their observation that while hairpin formation was observed, extension synthesis to form the dRF did not occur. Current models for the action of Pol ␦ indicate that it acts to synthesize leading and lagging strands in a coordinate manner. The replication model presented here would suggest that an in vitro system in which Pol ␦ is acting at this viral origin would be able to form an incomplete hairpin structure at the 5Ј terminus but not be able to prime synthesis to the dRF replicative intermediate. It is conceivable that the apparent involvement of Pol ␦ in the in vitro studies by Cossons et al. may not reflect the in vivo mechanism.
Other in vitro studies by Baldauf et al. (3) demonstrated that an LA9 cellular extract was capable of supporting the conversion of viral genomes into a covalently closed replicative-form (cRF) monomer, and only when the extract was supplemented with purified NS-1 were terminal resolution of the cRF, extension to the mRF, and the appearance of dRF species observed. The ability of the supplemented extract to support replication to the level of dRF was suggested by the authors to result entirely from site-specific nicking by NS-1 as a requirement to open the cRF species and allow subsequent generation of the linear 5Ј termini, a prerequisite for terminal rearrangement and elongation to the dimeric species (3). This explanation is somewhat unsatisfactory, given that the system without NS-1 in reference 6 achieved both the linear mRF and some form of terminal rearrangement. An intriguing possibility not previously considered is that NS-1 may play an obligate role in suppressing lagging-strand synthesis from the IRS origin, either by influencing the choice of polymerase used or through a more direct mechanism.
Preliminary studies in progress in our laboratory with the IRS elements isolated on a plasmid system indicate that the IRS may act as a leading-strand-only origin which is capable of driving the replication of plasmid sequences under the proper circumstances.
